Per Malmberg et al. Mass spectrometry imaging as a novel approach to measure hippocampal zinc Zinc (Zn 2+ ) is an essential trace element that plays crucial roles in the functioning of hundreds of enzymes and DNA binding transcription factors. Zinc is also an essential neuromodulator and can act as a potent neurotoxin in excitotoxic brain injury after seizures, strokes, and brain trauma where high levels of Zn 2+ can cause irreparable brain damage in certain brain regions. However, the mechanism of neurotoxicity has not been fully understood yet and is still under debate. In the present study, we have developed a time of flight secondary ion mass spectrometry (ToF-SIMS) imaging method to investigate the distribution of zinc in the rat brain. The zinc distribution in hippocampus sections from healthy rats and rats exposed to traumatic brain injury was imaged and the results were compared to those from conventional zinc-probe based fluorescence microscopy. Two related zinc species, ZnOH 3 + and
Introduction
Zinc is one of the most prevalent trace elements in the human body, playing key functional roles in both brain and systemic physiology. Zinc is well known as the main component in numerous proteins, playing a structural role, i.e. in forming zinc-nger proteins that act as DNA binding transcription and gene expression factors. However, zinc also functions as a catalytic part of the active site of several enzymes regulating a wide variety of physiological processes such as cell proliferation and differentiation, growth and normal development, nuclear acid metabolism and other important cellular processes. [1] [2] [3] [4] [5] Though the vast majority of zinc is bound to proteins as structural and catalytic co-factors, approximately 10% is free or loosely bound, and this zinc function is not associated with any proteins or amino acid ligands. This free zinc (Zn 2+ ) is predominantly localized in synaptic vesicles, called vesicular zinc, and appears to be in the hippocampus at concentrations of few mM. 3, [6] [7] [8] [9] Vesicular free zinc is an essential neuromodulator in the regulation of neuronal survival, yet it can also be a potent neurotoxin playing a role in exocytotoxic brain injury aer seizures, strokes, and brain trauma where high levels of Zn 2+ might cause irreparable brain damage in certain brain regions. Mounting evidence suggests that the released free zinc might contribute to the excitotoxicity of hippocampal neuronal injury aer brain trauma and that the accumulation of Zn 2+ might be part of the mechanism responsible for reduced neuronal survival following injury; however, this hypothesis has not been fully proven yet. 7, [10] [11] [12] [13] [14] [15] Vesicular free zinc is the only form of zinc which is readily stained and which can be revealed by histochemical techniques with any certainty. 4 Direct histochemical detection of synaptic zinc is difficult and puts high demand on sample preparation and treatment and the small detectable amount of zinc in vesicles in the zinc-containing neurons is only a small fraction of the total zinc in the brain. Yet this zinc constitutes virtually 100% of the histochemically detectable zinc in the brain. Most importantly, using standard uorescent probes or Timms's staining might possibly alter the chemical and physical properties of the labelled molecule thereby altering its intracellular distribution, making quantitative analysis difficult. It is therefore highly relevant to develop alternative methods for zinc localization with high spatial resolution. Time of ight secondary ion mass spectrometry (ToF-SIMS) imaging is a powerful technique that can provide elemental, chemical state and molecular information from surfaces of solid materials with high chemical specicity, high accuracy and high sensitivity. [16] [17] [18] In contrast to common histochemical staining techniques, mass spectrometry imaging (MSI) has evolved as a powerful label-free method requiring no labelling with probes or any other pre-treatment such as matrix application. [19] [20] [21] SIMS with nanometer resolution (nanoSIMS) has recently been used by Weng et al. to study the in situ cellular and subcellular distribution of some trace elements including zinc in contaminated oysters, 22 yet the low ion yield of zinc has limited its use to mainly plant biology and algae, 23 with a relatively high abundance of zinc.
Laser ablation inductively coupled plasma mass spectrometry imaging (LA-ICP-MSI) is another common technique to study and directly image the distribution of essential elements and small molecules in biological tissue sections. [24] [25] [26] In this regard, Shariatgorji et al. 27 were able to localize and also quantify the concentration of the accumulated sodium, calcium and iron in traumatic brain injury tissue sections using laser ablation mass spectrometry imaging (LA-MSI). However, the main drawback of LA-ICP-MSI and LA-MSI here is the poor spatial resolution in images compared to ToF-SIMS which can provide spatial resolution in the submicron range allowing subcellular images. 28 X-ray uorescence microscopy (XFM), recently developed with advanced fast detectors, has been well known as a successful imaging technique to detect and visualize zinc distribution across biological samples at subcellular resolution. 29, 30 And so, images from XFM can provide more detailed information than those from LA-ICP-MSI and LA-MSI, and XFM also has the advantage of providing a quantitative analysis. In comparison to ToF-SIMS, the spatial resolution is comparable; however, ToF-SIMS remains more accessible and can provide a more rapid analysis with a higher sample throughput.
In the present study, we have used ToF-SIMS imaging and uorescence to investigate and map the distribution of zinc in the rat brain. Brain hippocampi from healthy rats and rats exposed to cryogenic traumatic brain injury were imaged and the results were compared to those from conventional uorescence microscopy. The ToF-SIMS approach complements uorescence microscopy imaging where the former measures the bound rather than the free zinc measured in the latter and we found that a substantial increase of both ZnOH 3 + and ZnO 2 H + occurs in the hippocampus of rats aer traumatic brain injury.
Results and discussion

Acquisition of zinc-related peaks
In the present study, we examined and investigated the zinc content in rat hippocampus tissue obtained from both control as well as injured rat brain using ToF-SIMS mass spectrometry imaging. The levels of 64 Zn were usually too low to detect and image in tissue (the normalized signal intensity is shown and compared with other zinc related species signals in Fig. 3a ) and other forms of zinc were suspected to be formed, mainly organozinc compounds and zinc oxide hydrates which might originate from structural zinc proteins as discussed in detail in the Introduction. Therefore, an automatic peak search function in Surface Lab 6.3 was used to suggest zinc related species, which are listed in Table S1 in the ESI. † The peaks were then analyzed to see if they truly belong to zinc related species and are not due to lipid components or any other compounds with the same molecular mass. In this regard, the isotopic pattern similarity was used to identify candidates, by comparing the ratios of the detected isotopes and matching isotopes from the predicted isotopic pattern of the compound. Accordingly, all of the peaks listed in ESI Table S1 † were separately evaluated based on their corresponding isotopic patterns but just two species, [ZnOH 3 ] + and [ZnO 2 H] + , were considered to have the most accurate match to their predicted isotopic distribution while also providing high enough ion intensity to allow imaging.
Correspondingly, Fig. S1a and b † show the isotopic pattern of [ZnOH 3 ] + and the part of the ToF-SIMS mass spectrum including species of m/z 82.9 from a rat hippocampus section. As clearly observed here, four peaks which were marked with red circles correspond well with the isotopic pattern. A similar evaluation is seen in Fig. S1c (Fig. 1c ). However, no signicant [ZnO 2 H] + signal is visualized in the corresponding overlay image for the untreated cells ( Fig. 1g ), most likely due to the very low levels of native zinc present in PC12 cells. Similarly, a comparison of the spectra from zinc incubated and untreated cells is shown in Fig. 1i and j, respectively. These results clearly show that the [ZnO 2 H] + signal appears only in the spectrum of the cells incubated with zinc, while the spectrum of untreated cells does not show evidence of this peak.
Investigation of the hippocampal zinc content aer brain injury using ToF-SIMS imaging
Six hippocampus sections from control healthy rats, as well as injured rats, were analyzed using ToF-SIMS imaging to investigate changes in zinc aer freeze injury. Optical microscopy images, taken prior to the ToF-SIMS analysis of representative freeze-dried sections used in this study, are shown in Fig. 2a and b, showing the whole hippocampus section from control and injured rats, respectively. The two related zinc species, [ZnOH 3 ] + and [ZnO 2 H] + , were then selected and imaged in the rat hippocampus sections belonging to each group. Fig. 2c and d demonstrate ion images of [ZnO 2 H] + obtained from control and injured rats, respectively, and as clearly seen here, the spatial signal intensity distribution of this zinc related species substantially increases in the CA1 region (labelled with the arrows) in the hippocampus tissue subjected to freeze injury ( Fig. 2d ) compared to the control tissue sample in Fig. 2c (data related to [ZnOH 3 ] + are similar and not shown here). This is to be expected based on what was revealed by previous research 6, 10, 13, 31 showing a high level of synaptic free zinc (Zn 2+ ) aer traumatic brain injury and suggesting that the accumulation of Zn 2+ can be part of the mechanism responsible for reduced neuronal survival following injury. However, in that study, they utilized direct histochemical methods using uorescent probes or Timms's staining, which are commonly used to detect free zinc. In contrast, ToF-SIMS is more prone to detect bound rather than free zinc which results in some differences in zinc localization across hippocampus tissue when compared to the uorescence microscopy method. These methodological differences and also differences in bound and free zinc localization will be comprehensively discussed in the last part of this paper.
To examine the spatial distribution of zinc species, 4 regions of 500 Â 500 mm 2 of hippocampus tissue slices in control and injured rats were selected and analyzed using 256 Â 256 pixels, leading to 2 mm resolution images as illustrated in ESI Fig. S2 . † These specic regions were selected mainly in the grey/white matter interface region in different areas of CA1 and CA3 across the hippocampus tissue sections to visualize and localize zinc species across the tissue in each group. In group), which is most abundant in grey matter, in red color and [C 27 H 45 ] + (cholesterol), which is more abundant in white matter, in green. Column III shows the distribution of the [ZnO 2 H] + species while column IV shows the total ion images, i.e. the overall ion signal from each tissue section analyzed. In the image data from the rst and second ROIs from the CA1 region of the traumatic injury hippocampus sections ( Fig. S2b  and d †) , the [ZnO 2 H] + signals can be seen to increase compared to the corresponding image data for control tissue in Fig. S2a and c. † Similarly, image data related to the third and fourth ROIs selected in the CA3 region of hippocampus tissue samples from the injured group, shown in Fig. S2f and h, † demonstrate a substantial increase in [ZnO 2 H] + signal intensity compared to the controls as shown in Fig. S2e and g . † It appears that the increase in [ZnO 2 H] + signal is considerably higher in the ROIs selected in CA1 than the ones from the CA3 region. This correlates well with what is observed in the whole stage scan image illustrated in Fig. 2d . This result reveals that [ZnO 2 H] + appears to be localized in the CA1 region of the hippocampus section in the freeze-injured rats.
Statistical evaluation of the comparison between controls and freeze-injured groups
To statistically elucidate the changes in signal intensity of the zinc related species [ZnOH 3 ] + and [ZnO 2 H] + between the two groups, the average values of these peaks were used to compare data from 3 animals, 2 hippocampus sections from each, and 4 regions in total per each group. These were calculated, plotted, and evaluated by a Welch's t-test (p # 0.05 was considered as signicant), showing signicant changes between the two groups. A summary of these values as well as the Zn + normalized signal intensity are shown in Fig. 3a Fig. 3b ; however, no signicant changes are observed here. This indicates that practically an equal volume of grey or white matter was selected across the analyzed regions. The signal enhancement of the zinc related species is considered to be solely reected by the zinc distribution which is closely related to cellular damage in hippocampus tissue sections following brain injury.
Comparing ToF-SIMS imaging with uorescence microscopy
Conventional uorescence microscopy tissue staining with Fluozin-3 as the zinc indicator was used in order to correlate our study with previous investigations visualizing vesicular free zinc across hippocampus tissue. As shown in Fig. 4 , a dense uorescence demonstrates the accumulation of free zinc in the injured CA3 region of the hippocampus (Fig. 4d ) when compared to the control tissue section (Fig. 4c ). These results are consistent with what has been revealed by other related studies showing the high level of vesicular free zinc in the CA3 region of hippocampus tissue aer traumatic brain injuries such as seizures, ischemia, head stroke or any other form of neuronal damage to the brain. 10, 12, 13, 32 On the other hand, zinc detected by ToF-SIMS can probably be metabolic and structural zinc which is tightly bound to proteins and as mentioned before, bound zinc forms the vast majority of total zinc rather than free zinc. Therefore, this high abundance and intensity of bound zinc, in turn, might signicantly suppress signals from free zinc. Moreover, as the electronic conguration of zinc causes a special stability because of the lled electronic states and also the effective nuclear charge is greater than that of copper, the element that precedes it in the periodic table, more energy is required to ionize zinc which makes it difficult to detect in its natural ionic state of Zn 2+ and instead we possibly detect the [ZnOH 3 ] + and [ZnO 2 H] + species. As a result, we conclude here that ToF-SIMS is more likely to detect bound forms of zinc compared to free zinc.
ToF-SIMS data in this study conrm an increase in bound zinc species in hippocampus tissue associated with traumatic brain injury. This correlates well with a recent study 32 showing an increase in the level of structural and bound zinc (zinc-nger protein) in an animal model exposed to traumatic brain injury and supports our ndings. However, looking at overall data from ToF-SIMS and uorescence microscopy in this study, it is obviously evident that bound zinc and free zinc are differently localized and distributed across the hippocampus sections. The bound zinc species appear to be mainly localized in the CA1 region; however, free zinc is densely accumulated in the CA3 region of the injured hippocampus section. The pivotal question of the present study is what this different localization might mean. As mentioned above, uorescence microscopy studies have previously conrmed the localization and accumulation of free zinc species in the injured CA3 region of the hippocampus. 9, 13 They also discussed the possible mechanism for potential neurotoxicity following acute brain injuries in which vesicular free zinc normally localized in presynaptic neuronal terminals might translocate to postsynaptic neurons where it is more localized in the CA3 and, in fact, this accumulation of vesicular zinc and extra release of zinc in postsynaptic neurons might cause neuronal degeneration and death in the CA3. However, in that study they also suggested that vesicular free zinc accumulation is not the sole source for neurotoxicity of zinc. Consistent with these studies, J. Y. Lee and co-workers 33 proposed that metallothioneins (MTs), nonenzymatic cysteine-rich metal-binding proteins, are another potential source for toxic zinc accumulation in response to brain injury. They used immunocytochemical analysis to visualize this specic protein across hippocampus tissue in mouse brain and found it to be substantially localized in the CA1 region. They then suggested that MT proteins not only bind to zinc but also release zinc and might act as a possible source of toxic zinc contributing in this way to hippocampal neurodegeneration in the CA1 in acute brain injury. Accordingly in our study, we speculate that the two bound zinc species [ZnOH 3 ] + and [ZnO 2 H] + detected by ToF-SIMS which seem to be more accumulated in the CA1 region might originate from MT proteins; however, this still requires further investigation.
Experimental
Animal
The experimental procedures were approved by the Regional Animal Experiments Ethical Committee in Gothenburg, Sweden (Dnr 159-2015). All handling of rats was performed according to guidelines for animal experiments (EC Directive 86/609/EEC). Male Sprague-Dawley rats with a body weight of 180 AE 20 g were used in this study and they were allowed to have free access to food and water during the whole experiment. Also, the temperature and air ventilation in the animal cages were monitored based on the standard protocols.
Surgical procedure for cryogenic brain injury and tissue preparation
The rats were subjected to surgical anaesthesia by inhalation of Isourhane® (4% induction, 1.5-2% maintenance in air) and thereaer transferred to a heating pad and placed on the abdomen. Body temperature was kept at 37 C via monitoring with a rectal thermos-coupled probe. The head skin was shaved, washed with 70% alcohol and then subcutaneously injected with Marcain®. A 2-3 cm long midline incision was made through the skin and fascia on the skull vault, and the bone was mechanically freed from the adherent connective tissue. A copper rod (weight 144 gram) with a tip diameter of 4 mm was then immersed in liquid nitrogen and then applied to the right parietal bone for 60 s. This freezing procedure penetrated the bone and induced a dened, sterile, morphological visible injury in the underlying brain tissue. The cranium midline was avoided not to induce bleeding damage to the superior sagittal sinus. Aer experimental termination, the resulting lesion volume was morphologically calculated, and uninjured rats served as controls.
Aer a recovery period of 24 h the rats were again anaesthetized with Isourhane® anaesthesia, the chest opened and the heart removed. The skull was then opened and the brain taken out and frozen in liquid N 2 . By means of a cryomicrotome the hippocampus tissue was sectioned into slices of 10 mm thickness and mounted onto ITO glass slides (Bruker GmBH, Germany). The slides were thereaer positioned in closed, plastic containers and then maintained at À80 C. Prior to ToF-SIMS analysis, the slides were placed at room temperature and then dehydrated in a desiccator under vacuum for 30 min.
Fluorescence microscopy imaging for brain tissue
Fluozin-3 (AM, Invitrogen) was used as a zinc indicator. Fluozin-3 was dissolved in DMSO to prepare 1-5 mM stock solution. The DMSO stock solution was diluted in a buffered physiological medium (PBS, Sigma) with an equal volume of 20% Pluronic to assist in dispersing the non-polar Am ester in aqueous media to give a nal 50 mM solution for tissue staining. Without any washing steps, the Fluozin-3 solution was dropped on brain tissue and incubated for 45 min at room temperature. Aer staining, the brain tissue was rinsed with probe-free PBS carefully to remove the extra Fluozin-3 solution. And subsequently, imaging was initiated immediately thereaer. Fluozin-3 labelled tissues were observed under a uorescence microscope (Olympus IX71S1F, USA) with a 4Â objective (Olympus) using 492 nm excitation (492 FITC, 150 W xenon light source). Because the slice of rat brain was too big to show with one image, several images were obtained in the same plane and combined.
Cell culture PC12 cells, a gi from Lloyd Greene (Columbia University), were maintained in phenol red-free RPMI-1640 media (PAA Laboratories, Inc. Australia) supplemented with 10% donor equine serum (PAA Laboratories) and 5% fetal bovine serum gold (PAA Laboratories) in a 7% CO 2 , 100% humidity atmosphere at 37 C. The cells were grown on mouse collagen coated cell culture asks (collagen type IV, BD Biosciences, Bedford, MA) and were sub-cultured every 7-9 days. The medium was replaced every 2 days throughout the lifetime of all cultures. Cells were cultured on silicon wafers, which had been washed with ethanol, acetone, ethanol, and Milli-Q water and then coated with 1 mL of poly-lysine solution for 1.5 h at room temperature. The cells were seeded on the coated-silicon wafers and incubated in RPMI 1640 media for 3 days before experiments. For zinc treatment, the cells were incubated with RPMI 1640 media containing 100 mM Zn 2+ for 3.5 h before TOF-SIMS analysis.
Cell preparation for TOF-SIMS
The cells grown on silicon wafers were washed with 150 mM ammonium acetate for 30 s and dried in the air at room temperature before introduction into the TOF-SIMS instrument.
ToF-SIMS analysis
Hippocampus tissue sections from Male Sprague-Dawley rats were analyzed using a ToF.SIMS 5 instrument (ION-TOF GmbH, Münster, Germany) equipped with a Bi cluster ion gun. Six hippocampus sections from each group of control rats and freeze injured brain tissue from 3 different rats including two hippocampus sections from each one were imaged using the stage scan macro raster with a lateral resolution of 5 mm for the whole tissue section. Images and spectra were collected from 4 regions of interest (ROIs) per tissue with a spot size of approximately 2 mm and a mass resolution of m/Dm 6000. 34 All data were acquired in the high current bunch mode with a pulsed primary ion current of 0.30 pA at 25 keV and a maximum ion dose of 1.5 Â 10 11 ions per cm 2 using Bi 3+ ions. Low energy electron ooding was used for charge compensation. The range of primary ion dose densities was maintained below that of the static limit, i.e., 10 13 ions per cm 2 to be sure that the experiment ended before the primary ion beam had considerably damaged the surface of the sample. The ToF-SIMS data were processed using Surface Lab soware (version 6.3 ION-ToF, GmbH, Münster, Germany). Due to the very low intensity of the Zn + (m/z 64) peaks in mass spectra, an automatic peak search was used to nd related zinc species with higher intensity; subsequently, just two species, [ZnOH 3 ] + and [ZnO 2 H] + , were found based on the isotopic pattern similarity as seen in Fig. 1 . Next, these zinc species were imaged across hippocampus sections in each group of control rats as well as rats exposed to freeze traumatic brain injury. This procedure was performed in order to assess any signicant alteration of zinc species between the two groups. The analyzed dataset was collected from 3 animals with 2 hippocampus sections from each and 4 regions in total per group were exposed to a t-test using semi-quantitative analysis.
Conclusions
Two zinc species, [ZnOH 3 ] + and [ZnO 2 H] + , were visualized by ToF-SIMS in the rat hippocampus. The image data demonstrate a substantial increase of the zinc related species caused by an experimental freeze injury to the central nervous system. Statistical analysis showed a signicant increase in the amount of both [ZnOH 3 ] + and [ZnO 2 H] + in the injured sections. It is surprising that comparing ToF-SIMS to conventional uorescence microscopy revealed noticeable differences, showing that mass spectrometry imaging detects bound zinc versus free zinc with uorescence. These results indicate that in addition to free vesicular zinc, bound zinc species might also increase in traumatic brain injury and support the hypothesis that free vesicular zinc accumulation is not the only possible source for neurodegeneration, but that proteins that bind zinc might cause intracellular zinc toxicity in brain injuries. Our study is the rst to use mass spectrometry imaging to detect and visualize zinc species in neuronal tissue. Consequently, it might be possible to use the ToF-SIMS method in further investigations of biological phenomena related to central nervous damage or degeneration such as seizures, ischemia, and strokes and also other forms of cellular damage in the central nervous system.
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